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40
The smooth pursuit eye movement system is used to view moving objects, presumably to improve 41 image clarity by minimizing the blur that occurs when retinal motion is excessive (Barmack, 1970 ; 42 Westheimer & McKee, 1975) . Prevailing models of pursuit operate to stabilize retinal motion by 43 smoothly matching eye velocity to that of a moving target (Robinson et al, 1986 ; Krauzlis & Lisberger, 44 1989 ). However, catch-up saccades, which are rapid, jerky eye movements that interrupt the smooth 45 response, are not captured by the models. This seems strange, because catch-up saccades are 46 ubiquitous during ocular pursuit, occurring several times a second (Jin et al., 2014) . Despite this, both 47 the models and the bulk of pursuit research ignore catch-up saccades, as they are routinely excised from 48 pursuit records, and excluded from subsequent analysis. This omission is even more puzzling given 49 evidence that saccadic intrusions may be an integral part of the pursuit response, as they are thought to 50 boost pursuit gain (Lisberger, 1998) and correct errors between the target and the eye for which the 51 smooth component of pursuit fails to compensate (de Brouwer et al., 2002 ). Yet if the goal of pursuit is 52 to minimize image motion for clear vision, the prevalence of catch-up saccades is perplexing, as they 53 exacerbate retinal image motion, and likely suppress image visibility, given that suppression occurs for 54 saccades to static objects (Zuber & Stark, 1966) . 55 It is possible that the frequent occurrence of catch-up saccades is a function of the small spot 56 (usually < 1 deg) used to study smooth pursuit, and that they do not occur as often during pursuit of 57 larger objects, such as a dog running through the bedroom (~ 5-20 deg depending on the breed). This is 58 7 intersecting lines in Figure 5a using the equation m=y/x, where m is the slope, y is the retinal slip, and x 142 is the position error. Note that we modified our saccade analysis from that of de Brouwer et al. (2002) in 143 one key way: we used a simple ratio of the magnitudes of position error to retinal slip instead of eye 144 crossing time (T XE ), because T XE confounds the relative contributions of position and velocity error. 145
Results
146
Catch-up saccades do not depend on stimulus motion 147
Large random dot cinematogram (RDC) stimuli have been shown to increase pursuit gain, and 148 reduce the frequency of saccadic intrusions (Heinen & Watamaniuk, 1998; Watamaniuk & Heinen, 149 1999) . A simple hypothesis as to why large RDCs produce fewer catch-up saccades is that the motion 150 signals generated by individual dots spatially summate to produce a stronger integrated motion signal, 151 which boosts smooth pursuit gain, and thereby renders catch-up saccades less necessary to assist in 152 following the target (Figure 2a ). To test this hypothesis, observers pursued either a single dot, four 153 peripheral dots arranged as the vertices of a virtual diamond (3-deg radius), or a five dot conglomerate 154 of the 1 and 4-dot stimuli (see Figure 1a) . Consistent with the summation hypothesis, initial smooth eye 155 acceleration increased with the number of dots (Figure 2b ). However, catch-up saccades did not follow 156 the predicted trend. While saccade frequency was lower with four dots than with one, it increased again 157 during pursuit of five dots (Figure 2c ). acceleration increased with dot number over all observers (one-way repeated measures ANOVA: 161 F(2,8)=19.14, p=0.0009). However, the 4-dot stimulus produced fewer saccades than did the 1-and 5-162 dot stimuli during the open-loop period (two-sample t-test: 4-vs. 1-dot: t=-4.93, p<0.0001; 4-vs. 5-dot: 163 t=-5.18, p<0.0001; 1-vs. 5-dot: t=0.19, p=-0.85). The same trend was also evident during steady-state 164 pursuit (not shown) (two-sample t-test: 4-vs. 1-dot: t=-4.30, p<0.0001; 4-vs. 5-dot: t=-2.54, p=0.01; 1-165 vs. 5-dot: t=-1.77, p=0.07). Steady state pursuit gain and pursuit latency were also analyzed, but showed 166 no significant differences between dot configurations (one-way repeated measures ANOVA: SS gain, 167 
Small pursuit stimuli compel foveation 219
We found that catch-up saccade frequency increased during pursuit of small targets. But what 220 determines whether the pursuit system treats an object as large or small? To determine the size at 221 which an object transitions from large to small, we incrementally varied the radius of the 4-dot stimulus 222 from 6.0 to 0.5 deg (see Figure 1b) . Saccade frequency was low with both 6.0 and 3.0 deg stimuli, but 223 increased dramatically for stimuli with radii of 1.0 and 0.5 deg ( Figure 5 ). A one-way repeated measures 224 ANOVA shows that stimulus radius significantly impacted saccade frequency in both the open-loop 225 (F(3,12)=20.03, p<0.0001) and steady-state (F(3,12)=4.36, p=0.027) periods. Interestingly, the transition 226 from large to small occurs when a stimulus fits within the 2.0 deg rod-free fovea (Polyak, 1941) . 227 Therefore, the mechanism generating catch-up saccades during pursuit of small stimuli appears to be 228 linked to the fovea, and may be recruited to foveate a pursuit target. Natural pursuit objects are often larger than the spot used in most laboratory pursuit studies. It 237 could be that results gleaned from spot pursuit research generalize to larger stimuli either directly, or in 238 a linear fashion, i.e., the larger the object, the greater the pursuit response. Our results suggest that 239 neither is true. In the present study, we characterized the ocular pursuit response to single and multi-240 dot stimuli with or without foveal targets. As the number of dots increased, peak eye acceleration in the 241 open-loop period increased, consistent with the activation of a mechanism that spatially integrates 242 motion information to rapidly acquire a moving stimulus. In contrast, foveal targets, either alone or 243 within a larger stimulus, increased the incidence of catch-up saccades, indicating that the amount of 244 motion information, and thus the smooth velocity gain, did not predict saccade frequency. When we 245 varied the diameter of the 4-dot stimulus, peak acceleration was constant across all stimulus sizes, but 246 catch-up saccade frequency was high only when the stimulus fit in the fovea. Our results are consistent 247 with the idea that an isolated single spot is a weak motion stimulus, and that motion information is 248 summed across the retina to drive the smooth component of pursuit. Catch-up saccades, on the other 249 hand, appear to be largely a consequence of foveating a small pursuit target, or a feature on a large 250 pursuit object. 251
Previous work in other laboratories investigated pursuit of targets using peripheral retina. In one 252 of the earliest studies, observers pursued illusory motion created by peripheral stimuli, demonstrating 253 that the pursuit system can follow a motion percept that does not correspond to motion on the retina 254 (Steinbach, 1976) . Another study tested pursuit of a single target in peripheral retina, and found it was 255 pursued with gain that was almost as high as that attained during pursuit of a foveal target (Winterson & 256 Steinman, 1978) . Like us, these authors concluded that pursuit was not purely a foveal behavior. In 257 other work, observers pursued a pair of targets that flanked the fovea, and demonstrated comparable 258 gain to that produced by pursuit of a foveal target (Barnes & Hill, 1984; Collewijn & Tamminga, 1986) . 259
Another study found that pursuit of a pair of targets that flanked the fovea was superior to pursuit of a 260 pair of targets whose virtual midpoint was positioned off to one side (Wyatt et al., 1994) . This result 261
suggests that the pursuit system prefers to keep objects centered on the fovea, even when peripheral 262 retina is used. One study did find that targets that flanked the fovea but only stimulated peripheral 263 retina produced lower initial acceleration than objects that also stimulated the fovea (Ilg & Their, 1999) . 264
However, the stimulus used in that study, a large hour-glass figure, stimulated substantially less total 265 retina when it lacked the foveal component, consistent with our results showing that total motion 266 information contributes to initial pursuit acceleration, regardless of foveal stimulation. The results of 267 these previous studies are consistent with our finding that pursuit is not an exclusively foveal function. 268
The spot has been used for over 50 years to characterize smooth pursuit behavior, to chart its 269 neural pathways (for reviews, see , but is it appropriate for studying ocular pursuit? Considering that the 273 purpose of saccades is to orient the fovea to objects to resolve image detail, while the purpose of 274 pursuit is to match eye velocity to that of a moving object (Robinson et al, 1986 ; Krauzlis & Lisberger, 275 1989), it is questionable as to whether these different goals can be probed equally well by the same 276 stimulus. We describe here a fundamentally different ocular response during pursuit of larger stimuli 277 without a single, foveal pursuit target: namely, higher initial eye acceleration and fewer saccades. Our 278 results suggest that the research using a spot may not fully generalize to pursuit of larger objects. and position (Rashbass, 1961) , and are thought to compensate for sluggish dynamics of the pursuit 283 system. However, our results imply that position and velocity error alone cannot account for saccade 284 incidence, since saccade frequency varied significantly despite that these errors were comparable 285 among the different stimuli. It appears that the composition of a pursuit stimulus, irrespective of 286 position or velocity error, in part determines the frequency of catch-up saccades (see Figure 3a) . 287
Specifically, while stimuli without foveal components trigger saccades only below a threshold of PE/RS = 288 0.45, targets with foveal elements seem to trigger catch-up saccades regardless of the PE/RS ratio. We 289 think that foveal targets trigger catch-up saccades because attention is directed towards them, and 290 attended objects can trigger saccades (Kowler et al., 1995) . Evidence supporting our idea that attention 291 is directed towards central pursuit targets is that a single spot requires more attention to pursue than a 292 large stimulus with predominately peripheral elements (Heinen et al., 2011) . However, we acknowledge 293 that while attention may play a role in triggering catch-up saccades, the mechanism by which they are12 triggered is not fully characterized. Many factors likely contribute to catch-up saccade generation; for 295 example, even verbal instructions can influence catch-up saccade frequency (Puckett & Steinman, 1969) . 296
Interestingly, while the fovea plays a special role in catch-up saccades during pursuit, peripheral 297 and foveal stimulation appear to contribute equally to motion signals that drive smooth eye 298 acceleration. This is surprising given the long standing perception that peripheral retina has superior 299 motion processing capabilities (Purkinje, 1825) . However, while some data support better flicker 300 sensitivity in peripheral retina (Brown, 1965; Tyler, 1981) , other data show that velocity discrimination, 301 while varying across the retina, becomes homogeneous when corrected for the higher resolution of the 302 fovea (McKee & Nakayama, 1984), consistent with our results. Several other studies looked at smooth 303 pursuit of stimuli that began moving at different retinal locations, and found higher initial acceleration 304 for foveal than peripheral stimuli (Lisberger and Westbrook, 1985; Tychsen and Lisberger, 1986) , 305 seemingly contradicting our results. However, in those studies, a single spot target was initially placed at 306 a peripheral location before it began to move, creating position error for which observers had to 307 compensate to acquire the target. In contrast, our single and multi-dot stimuli were always centered on 308 the fovea when they began to move, and peripheral elements remained peripheral throughout the trial. 309
It could be argued that our peripheral 4-dot stimulus, which produces the fewest catch-up 310 saccades, is a less natural pursuit stimulus than a spot. However, both practiced and naïve observers 311 pursued this stimulus easily, and as accurately and precisely as the other stimuli (see Figure 4) , whereas 312 primates must be trained to pursue a single spot (Heinen & Keller, 1989; Bourrelly et al., 2013) . Pursuit 313 of the 4-dot stimulus also showed higher open-loop acceleration than spot pursuit. We therefore feel 314 that the 4-dot stimulus is a suitable surrogate for studying pursuit of larger natural objects because it 315 creates a virtual object that lacks a single, prominent foveal target. When the foveating mechanism is 316 released from driving pursuit, it could be used instead to inspect object features, even those requiring 317 saccades directed opposite the motion of the pursuit object. Consistent with this idea, preliminary work 318 from our laboratory shows that pursuit velocity is maintained during a saccade between two features on 319 a large object, but disrupted during an identical saccade from one target moving in isolation to another 320 (Watamaniuk et al., 2015) . 321
In the natural arena, many moving objects are larger than the foveal spot, and our work 322 suggests that pursuit of large objects elicits a different pattern of neural activation than pursuit of small 323 ones. As a consequence, many structures that lie outside the classic motion pathways, but are 324 implicated in both spot pursuit and saccade generation, may be little, if at all, involved in pursuit of large 325 1991), the SEF (Heinen 1995) , and possibly the vermis of the cerebellum (Suzuki and Keller, 1988) . While 327 a common test to confirm that a saccadic structure is pursuit-related is to show activation during 328 saccade-free pursuit (e.g., Heinen, 1995; Krauzlis et al., 2000) , saccade structures might be activated 329 during pursuit by position error that is sub-threshold for generating catch-up saccades. Conversely, large 330 stimuli may activate classic motion-processing structures to a greater degree than does the spot. These 331 structures include the medial temporal (MT) and medial superior temporal (MST) cortical regions 332 Newsome et al., 1988; Dursteler & Wurtz, 1988) , the paraflocculus of the 333 cerebellum (Noda & Mikami, 1986; Rambold et al., 2002) , and possibly, the nucleus of the optic tract 334 (NOT) (Mustari & Fuchs, 1990) . 335
Smooth pursuit is impaired in many psychiatric and motor disorders (Leigh & Zee, 2006) , and 336 oculomotor deficits often appear before the onset of other symptoms (Leigh & Zee, 2006) . A potential 337 benefit of understanding normal pursuit system operation is that deficits in smooth pursuit performance 
